It is thought that the warm-temperate vegetation of Korea, which at present is limited to southern coastal areas, was founded by individuals from glacial refugia putatively located in southern Japan and/or southern China. Two scenarios of postglacial recolonization can be hypothesized: 1) extant Korean populations are derived from multiple source populations or, 2) they originated from a single source. To test which of these scenarios is more likely, we surveyed patterns of genetic diversity in 3 congeneric terrestrial orchids that are typical of Korean warm-temperate vegetation, Calanthe discolor, C. sieboldii, and C. reflexa. In total, we studied 14 populations with 17 allozyme loci. To complement the study, we also tested the 2 scenarios with previous population-genetics data reported for other warm-temperate plant species native to Korea. Levels of genetic variation in the 3 Calanthe species were substantially higher than those typical of allozyme-based studies in other terrestrial orchid species, which clearly suggest a pattern of postglacial recolonization fitting the first scenario. However, previous studies with native Korean species showed equivocal patterns and suggest conflicting scenarios. The Calanthe species studied here and the previous genetic surveys conducted on other species indicate that the establishment of contemporary warm-temperate vegetation in Korea has been diverse since deglaciation. From a conservation perspective, C. reflexa should be regarded as endangered in Korea, needing special attention to preserve its current genetic diversity and to prevent further decreases in population sizes. Key words: allozymes, founder effect, glacial refugia, Korea, population history, warm-temperate vegetation Contemporary levels of genetic variation within and among populations of plant species are shaped by a complex suite of species' life-history traits, as well as ecological and historical factors (e.g., past climate oscillations) (reviewed in Loveless and Hamrick 1984; Hamrick and Godt 1989; Hewitt 1999 Hewitt , 2000 . Species with high rates of outcrossing, high fecundities, wind pollination, windmediated seed dispersal, and long generation time usually maintain high intrapopulation genetic variation and low interpopulation differentiation (reviewed in Loveless and Hamrick 1984; Hamrick and Godt 1989) . However, marginal or peripheral populations within a species' range tend to harbor lower levels of within-population genetic variation than geographically central populations, whereas among-population differentiation shows a reverse trend (reviewed in Eckert et al. 2008). The glacial-interglacial oscillations during the Quaternary period have also played an important role in shaping the current distribution of plant species and thus, their levels and partitioning of genetic diversity within and among populations (Hewitt 1999 (Hewitt , 2000 .
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On the Korean Peninsula, broad-leaved evergreen shrubs and trees currently occur in a narrow zone of warmtemperate and subtropical climate along the coast (Yi 2011) . Before the Quaternary period, these plants were also present in lowlands at higher latitudes. Fossil records indicate the occurrence of some broad-leaved evergreen tree species (Castanopsis, Cinnamomum, Cyclobalanopsis, Ilex, and Myrica) in eastern coastal areas during the Miocene (Kong and Watts 1993; Kong 1996) . During glacial advances, climatic cooling caused southward shifts in the geographic distribution of broad-leaved evergreen forests. However, paleovegetation in the southeastern and southern coastal areas of the Korean Peninsula during the Last Glacial Maximum (LGM, ca., 21 000 years ago) is not well understood, largely due to the lack of adequate pollen records (Kong and Watts 1993; Kong W-S, personal communication) . The few available pollen records suggest, nevertheless, that the evergreen broad-leaved forest vegetation was absent from Korea during the LGM (e.g., Choi 1998; Chung et al. 2006 Chung et al. , 2010 Chung 2007; Yi and Kim 2010) . The lack of vegetation characteristic of a warm-temperate or subtropical climate during the LGM on the Korean Peninsula is also indicated by vegetation reconstructions (e.g., Adams and Faure 1997; Harrison et al. 2001; Hope et al. 2004; Prentice et al. 2011) . The first appearance of broad-leaved evergreen vegetation on the Korean Peninsula after the LGM was approximately 8500 years ago (Chung 2011) , and during the middle Holocene optimum (ca., 6000 years ago) it reached latitudes up to 37°N (Choi 1998; Yi 2011) . During the late Holocene under dry, cool-temperature climatic conditions, warm-temperate and subtropical plant species retreated toward their current distribution in southwestern and southern coastal areas (i.e., latitudes well below 36°N; Yi 2011). Although little is known about the past distribution of many orchids in southwestern and southern Korea, it is likely that they would have experienced similar range shifts as broad-leaved evergreen plants because they currently coexist in a narrow warm-temperate and subtropical climatic zone along the Korean coast, the more extensive warm-temperate regions of Japan (Ohwi 1965) , as well as subtropical China (Hou 1983; Wu et al. 2009 ). Thus, Korean populations of orchid species are on the margin of their distribution ranges.
Currently, populations of many orchids worldwide are small and isolated, and have increasingly been a major subject of conservation concern Dixon 2009a, 2009b; Seaton et al. 2010; Vereecken et al. 2010; Phillips et al. 2011) . The same situation is true for orchids on the Korean Peninsula (Lee and Choi 2006) . Although many orchids were once abundant and continuously distributed in southwestern and southern Korea, currently they are subjected to human disturbance (e.g., mass collection) and the increasing disappearance of their habitats (Lee and Choi 2006; Chung and Nason 2007) . Since information on demographic and genetic structure of surviving plant populations and species is essential for designing comprehensive plans for their conservation (Falk and Holsinger 1991; Hamrick and Godt 1996) , some conservation-genetics studies on marginally distributed orchid populations have been conducted in southern Korea. For example, marginal populations of the terrestrial orchid Cymbidium goeringii, which are characterized by large sizes and continuous distribution, maintain high levels of genetic variation and low among-population differentiation (Chung MY and Chung MG 1999) . In contrast, marginal populations of the 2 lithophytic orchids Bulbophyllum drymoglossum and Sarcanthus scolopendrifolius, characterized by their small size and high isolation, exhibit low levels of genetic variation and high among-population differentiation ). In the last example, rare and highly isolated populations of the terrestrial orchids Oreorchis coreana and Tipularia japonica have no allozyme variation within-and among populations (Chung 2009; ).
Based on these prior studies, together with the information available on the paleoecology of the Korean Peninsula, we hypothesize 2 alternative scenarios for the origin of warm-temperate orchid populations native to southern Korea. If extant populations are recently derived from multiple source populations (i.e., multiple glacial refugia), presumably from southern Japan and/or southern China, we would expect high levels of genetic variation within populations and low or high degree of genetic divergence among the extant populations depending on ecological factors (Hamrick and Nason 1996) . Large populations that are continuously distributed should exhibit low interpopulation variation probably due to high recurrent gene flow between adjacent populations. In contrast, high genetic divergence would be expected among historically small disjunct populations because of low rates of gene flow between isolated populations. Alternatively, if current Korean populations of warm-temperate orchid species are derived from a single source (i.e., a single glacial refugium), then within-population genetic variation will be low and genetic differentiation among populations would be low or high depending on rates of contemporary gene flow among the Korean populations. To date, these hypotheses have never been empirically tested for the warm-temperate and subtropical orchids native to the Korean Peninsula.
In this study, we selected 3 congeneric terrestrial orchids that occur in Korea, Calanthe discolor Lindley, C. reflexa Maximowicz, and C. sieboldii Decaisne ex Regel. These species are part of the warm-temperate flora of southern Korea, central and southern subtropical mountain regions in China, and southern Japan. We surveyed the levels and distribution of genetic diversity in these 3 species to test which of the 2 postglacial immigration hypotheses is most likely. Related to this study, we further test the 2 proposed scenarios using the published data for several warm-temperate plant species native to southern Korea, which also occur in East Asia. Finally, genetic data obtained from this study will provide guidelines for the recovery and management of these currently rare orchids in the Korean Peninsula. Figure 1 . Map of East Asia and locations of sampled populations of C. discolor (CD-1 to CD-9), C. sieboldii (CS-1 to CS-3), and C. reflexa (CR-1 and CR-2) in the Korean Peninsula. Dotted line in the upper figure indicates exposed coastal lines during the LGM (Shi 2002; Xu et al. 2010). it only occurs in a few localities in the lowlands on Jeju Island off the coast of southern Korea (Lee 2011) . Rhizomes of C. reflexa are short, and flowering scapes (20-40 cm tall) are produced during May to June in China and July to August both in Korea and Japan, each bearing 10-20 pale purple flowers (sepals are 15-20 mm long; petals are 12-15 mm long and the apex of the middle segment of the lip is cuspidate). Flowers of C. reflexa are pollinated by Bombus workers (Sugiura N, unpublished data). Compared with C. discolor and C. reflexa, C. sieboldii has a narrower distribution, occurring in subtropical regions of a few mountainous areas (altitude 1200-1500 m a.s.l.) in southern China (Hunan and Taiwan), in lowlands of southern Japan (Shikoku and Kyushu), including the Ryukyu Islands, and in lowlands of a few islands of southern Korea (Ulleung, Heuksan, Gageo, Hong, and Jeju Islands; Figure 1 ) (Chen et al. 2009; Lee 2011) . The 3 Calanthe species often co-occur on Jeju Island. Like the 2 other Calanthe species, rhizomes of C. sieboldii are short and thick. From February to March in China and April to June both in Korea and Japan, adults produce scapes (20-50 cm tall), each bearing 5-20 yellow flowers (sepals and petals are 13-20 mm long and the apex of the middle segment of the lip is slightly lobed). Flowers of C. sieboldii are pollinated by Xylocopa bees (Sugiura N, unpublished data). Without observing the flowers, it is very difficult to distinguish it from C. discolor. As found in many orchids, fruits (capsules; 1.5-2 cm long) of the 3 species contain large numbers of tiny, dust-like seeds.
In Korea, the 3 species were once common with large population sizes along the coastal areas in southwestern and southern Korea but the numbers of individuals and populations have dramatically decreased since early 1970s primarily due to over-collection and habitat destruction (Lee and Choi 2006) . We do not have information on the generation times for the 3 Calanthe species, although we can assume to have long generation times (10-20 years) as occurs in many other orchids (e.g., Curtis 1943; Nicolè et al. 2005; COSEWIC 2010) . According to population genetics theory, little alteration in the levels of genetic diversity is expected because there have not been sufficient generations after overcollection for original genetic diversity to be substantially eroded by random genetic drift (Chung and Nason 2007) . Thus, human alterations should not significantly mask the natural genetic patterns of the studied orchids.
Study Populations and Sampling
We collected 535 leaf samples of C. discolor (N T , a mean of 59 samples per population, ranging from 14 to 134; Table 1 ) from 9 coastal and insular populations in Korea (CD-1 to CD-9; Figure 1 ). For C. sieboldii, we sampled a total of 101 leaf samples (N T , a mean of 34 samples per population, ranging from 25 to 49; Table 1 ) from 1 population located on Gageo Island (CS-1; Figure 1 ) and 2 populations from Jeju Island (CS-2 and CS-3; Figure 1 ). For C. reflexa, we sampled 46 leaf samples (N T ) from 2 populations CR-1 (22) and CR-2 (24) on Jeju Island (Table 1; Figure 1 ). We collected from every individual but did not collect from closely (ca., less than 20 cm) spaced shoots that appeared to be members of the same clone. Since C. sieboldii and C. reflexa were extremely rare on Gageo and Jeju Islands, we collected leaf samples from relatively larger areas (0.4-1 ha; Table 2 ). As we collected most of the individuals occurring within each population, we could consider "sample sizes" per population as roughly equivalent to "population sizes." To minimize the damage to these endangered orchids, we cut only 3 cm from the tip of leaf per shoot. Voucher specimens were deposited at the herbarium of Gyeongsang National University (GNUC).
Allozyme Electrophoresis
Leaf samples were wrapped in damp paper towels, stored in plastic bags, returned to the laboratory, and stored at 4 °C until protein extraction. For extraction, leaf samples were crushed using chilled mortars and pestles by adding a phosphate-polyvinylpyrrolidone buffer (Mitton et al. 1979) , and enzyme extracts were absorbed onto 4 × 6 mm paper wicks (Whatman 3MM chromatography paper). We conducted electrophoresis on 13% starch gels, with 2 buffer systems. We used a modification (Haufler 1985) of the system 6 of Soltis et al. (1983) to resolve alcohol dehydrogenase (Adh), cathodal peroxidase (Per), diaphorase (Dia-1 and Dia-2), fluorescent esterase (Fe), leucine aminopeptidase (Lap), phosphoglucomutase (Pgm), and triosephosphate isomerase (Tpi-1, Tpi-2, and Tpi-3). We also used the morpholine-citrate buffer system (pH 6.1) of Clayton and Tretiak (1972) to resolve fructose-1,6-diphosphatase (F1,6), isocitrate dehydrogenase (Idh-1 and Idh-2), malate dehydrogenase (Mdh-1 and Mdh-2), 6-phosphogluconate dehydrogenase (6Pgd), and shikimic acid dehydrogenase (Skdh). We followed stain recipes from Soltis et al. (1983) except for diaphorase (Cheliak and Pitel 1984) . We designated putative loci sequentially, with the most anodally migrating isozyme designated as 1, the next 2, and so on. We also designated different alleles within each locus sequentially by a, the next b, and so on. The observed enzyme banding patterns were consistent with their typical subunit structure and subcellular compartmentalization in diploid plants (Weeden and Wendel 1989) .
Data Analysis on Clonal Structure, Genetic Diversity, and Genetic Structure
As multiple ramets (N T ) representing allozyme-based identical multilocus genotypes (MLGs) could result either from distinct sexual reproduction events or clonal propagation, it is essential to discriminate these cases. To do this, we calculated P gen F IS , the probability of the MLG occurring by chance due to sexual reproduction by taking into account departures from Hardy-Weinberg (H-W) equilibrium (Parks and Werth 1993; ). We averaged P gen F IS estimates generated from one such value for each MLG in each population. We further estimated P sex F IS , the probability of the second encounter (Pielou 1969 ) of clonal heterogeneity (D, the probability of encountering distinct MLGs when randomly taking 2 units in a population) and its equitability (ED, Simpson evenness; Hurlbert 1971), and the parameter of the Pareto distribution (β = [-1 × regression slope, b] , that is, the negative slope of the power law describing the frequency distribution of clonal membership for populations . Simulations revealed that β increases exponentially with increasing evenness of the distribution of sampling units into MLGs ). Both R and ED influence the shape of the Pareto distribution and its associated β value. High R and ED (i.e., clonal ramets all having approximately equal sizes) will result in a high β value (a steep slope), whereas the result of low R and ED (i.e., a skewed clonal distribution with very few, large clonal lineages and many small ones) will be a shallow slope (low β value) . Two other cases could be expected by comparing populations with similar R and distinct ED or, conversely, with similar ED and distinct R. For all these calculations, we used the program GenClone 2.0 (Arnaud-Haond and Belkhir 2007). Finally, to determine whether β was significantly different among populations, we estimated the 95% confidence intervals (CIs) around b using classical least-squares regression theory (Zar 1999; S. Arnaud-Haond, personal communication) .
To calculate genetic diversity and structure parameters, we prepared a second data set (N G ) by excluding clonal ramets in which each distinct MLG was only represented once. We considered a locus as polymorphic within a population if the frequency of the most common allele does not exceed 0.99 (Young et al. 1996) . We estimated the following allele and genetic diversity parameters using the programs POPGENE (Yeh et al. 1999 ) and FSTAT (Goudet 2002) : percentage of polymorphic loci (%P ), mean number of alleles per locus (A), allelic richness (AR) using a "rarefaction method" that compensates for uneven sample sizes (Hurlbert 1971; El Mousadik and Petit 1996) , observed heterozygosity (H o ), and Nei's (1978) unbiased gene diversity (H e ).
To gain insight into the role of bottlenecks in relation to genetic diversity within populations, we conducted correlation analyses between log-transformed sample size (N G ) and AR, %P, A, and H e . Among these parameters, allelic richness (AR) is known to be highly dependent on effective population size and is, therefore, more useful for identifying historical processes such as bottlenecks (Luikart et al. 1998a; Widmer and Lexer 2001) . The correlation analyses were conducted only for C. discolor because of small population numbers of C. sieboldii (3 populations) and C. reflexa (2 populations). To test for recent decreases in effective population size (bottlenecks), we evaluated individual loci for difference between the H-W H e and the equilibrium heterozygosity (H eq ) expected from the number of alleles assuming mutation-drift equilibrium. These differences were evaluated using a sign test and a Wilcoxon sign-rank test conducted across loci under an infinite allele model using the program BOTTLENECK (Cornuet and Luikart 1996) . Since allelic diversity is generally lost more rapidly than H e (Nei et al. 1975) , recently bottlenecked populations will exhibit an excess of H-W H e relative to that H eq (Cornuet and Luikart 1996; Luikart et al. 1998b ).
To measure deviations from H-W equilibrium, we calculated Wright's (1965) F IS and F ST over loci following Weir and Cockerham (1984) . These fixation indices measure the average deviation from H-W equilibrium of individuals relative to their local populations (F IS , a measure of local inbreeding) and local populations relative to the total population (F ST , also a measure of differentiation among local populations). The significance of multi-population F IS and F ST estimates was determined by a permutation test (1000 randomizations of alleles among individuals within samples and 1000 randomizations of genotypes among populations, respectively). These calculations were performed using FSTAT (Goudet 2002) . Further, we used the program SPAGeDi (Hardy and Vekemans 2002) to calculate population-level F IS (inbreeding) and its significance level by 1000 permutations under the null hypothesis of F IS = 0. To test for differences between populations, we approximated 95% CI around F IS as 1.96 times the jackknifed standard error under the assumption of normality (Loiselle et al. 1995; Chung et al. 2011; .
To determine whether populations of C. discolor are at regional equilibrium between gene flow and drift (i.e., isolation by distance), we conducted a correlation analysis (Hutchison and Templeton 1999) between pairwise F ST and linear geographic distance (kilometers) to determine the relative importance of gene flow and genetic drift. Hutchison and Templeton (1999) formulated 3 cases of nonequilibrium between gene flow and drift based on degrees of scatter in plotted points between pairwise F ST and linear geographic distance (kilometers): 1) gene flow relatively more important than genetic drift, 2) gene flow relatively less important than genetic drift, and 3) gene flow more important at shorter distances and drift more important at greater distances.
Using the FSTAT, we tested a linear regression model using the Mantel test (Mantel 1967) by making 999 replicates. To gain insight into the patterns of gene flow between individual populations, we estimated recent migration rates using the program Bayesass v. 1.3 (Wilson and Rannala 2003) . Following Yamada and Maki (2012) , we ran 3 × 10 6 Markov chain Monte Carlo iterations, with a burn-in of 999 999 iterations and a sampling frequency of 2000 by setting delta to be 0.15 (the default value).
Finally, using the POPGENE, we calculated Nei's (1978) unbiased genetic identity (I) and distance (D) between pairs of populations of each species and between the 3 species to determine the degree of genetic divergence among populations of the 3 Calanthe species. In addition, a neighbor-joining tree was drawn from genetic distance (Nei et al. 1983 ) matrix with branch support produced by 1000 bootstrapping over loci, using PoPulations v. 1.2.30 (Langella 1999 ) and TREEVIEW v. 1.6 (Page 1996) .
Results

Identification of Clones
For C. discolor, 15 out of the 17 putative resolved loci were polymorphic whereas 2 (Per and Skdh) were monomorphic across the 9 populations. For C. sieboldii, 13 loci were polymorphic across the 3 studied populations, and 4 (Adh, F1,6, Per, and Skdh) were monomorphic. Compared with the other 2 species, relatively low polymorphism was detected in the 2 populations of C. reflexa: only 8 loci were polymorphic, whereas the remaining 9 were monomorphic (Adh, Fe, Lap, 6Pgd, Pgm, . Most of the MLGs at 14 populations of the 3 species had P gen F IS and P sex F IS values less than 0.05 (Table 1) . Thus, we considered that ramets sharing identical MLGs were repeated samples from the same clone and identified a total of 337 MLGs (N G ) out of 682 total samples (N T ) ( Table 1 ). For C. discolor, estimates of genotypic richness (R) were relatively low and ranged from 0.28 (CD-3 and CD-5) to 0.69 (CD-4), with a mean of 0.47. Slightly higher estimates were found for C. sieboldii (mean = 0.62) and C. reflexa (mean = 0.59; Table 1 ). All Simpson diversity indices (D) were more than 0.87, and showed similar values across populations and among species (with species' means between 0.93 and 0.96; Table 1 ). Except for CD-4 of C. discolor, all values of the Simpson evenness index (ED) were over 0.75, with a mean of 0.84 for both C. discolor and C. sieboldii and 0.86 for C. reflexa (Table 1 ). For C. discolor, slopes of Pareto distribution (β, -1 × regression slope, b) were highly variable, ranging from 0.351 (CD-5) to 1.860 (CD-1) with a mean of 0.898 (Table 1) . Since population CD-1 had high R and ED estimates (i.e., clonal ramets all having approximately equal sizes), it showed the highest β value (i.e., a steep slope). Contrary to CD-1, CD-5 showed the lowest R and ED values (i.e., a skewed clonal distribution with very few, large clonal lineages and many small ones) and the lowest βvalue (i.e., a shallow slope). Similar and moderate β values were found in C. sieboldii and C. reflexa (Table 1) . Except for two comparisons (CD-5 vs. CD-8 and CD-5 vs. CR-2), the 95% CIs around b using classical least-squares regression theory overlapped among populations (Table 1) .
Levels of Genetic Diversity in the 3 Calanthe Species
We found high levels of genetic variation within populations of C. discolor and C. sieboldii (Table 2 ). For C. discolor, when we pooled samples over all populations (N G = 241), the percentage of polymorphic loci (%P) and the mean number of alleles/locus (A) were 88.2 and 2.59, respectively, and the observed (H o ) and expected heterozygosity (H e ) were 0.190 and 0.244, respectively (Table 2) . Similar or slightly lower values for these genetic diversity measures were obtained at the population level: %P = 68.6, A = 2.01, H o = 0.191, and H e = 0.227; Table 2 ). Populations CD-6 and CD-9 harbored the lowest and highest allelic richness (AR = 1.81 and 2.07, respectively), and populations CD-7 and CD-2 showed the lowest and the highest expected heterozygosity (H e = 0.179 and 0.283, respectively; Table 2 ). Similarly, high levels of genetic variation within populations and total samples as a whole (i.e., at the species level) were found in C. sieboldii (Table 2) . Compared with the other two species, the two studied populations (CR-1 and CR-2) of C. reflexa harbored much lower levels of genetic variation with means of %P = 47.1, AR = 1.50, A = 1.50, H o = 0.129, and H e = 0.185; Table 2 ).
For C. discolor, there was a significant correlation between population size (N G ) and mean A (Spearman's rank correlation coefficient, r s = 0.789, P = 0.012). However, we found no significant correlations for %P (r s = 0.433, P = 0.248), AR (r s = 0.479, P = 0.192), and H e (r s = 0.353, P = 0.352). Consistent with these findings, we detected only 4 cases of significant indications of recent bottlenecks in 3 populations based on both sign (2 populations) and Wilcoxon sign-rank tests (2 populations) conducted using BOTTLENECK (Table 3) .
Population Genetic Structure and Inbreeding in the 3 Calanthe Species
For C. discolor, population-level F IS estimates calculated over polymorphic loci did not differ significantly among populations (broadly overlapping 95% CIs; Table 2 ). All F IS values were positive, ranging from 0.003 (CD-4) to 0.285 (CD-3), but 4 populations (CD-1, CD-3, CD-5, and CD-9) showed significant F IS values at 0.05 level ( Table 2) . These results, as well as a significant multipopulation-level F IS (F IS = 0.176, P = 0.001; Table 2 ), indicate a deficit of heterozygotes within populations that is consistent with local inbreeding. A significant excess of homozygotes within all the populations of C. sieboldii and C. reflexa was detected (multipopulation-level F IS estimates were 0.296 and 0.299, respectively; Table 2 ). Differences in allele frequencies calculated over polymorphic loci among populations of both C. discolor and C. sieboldii were low but significant (F ST = 0.068 and 0.072, both P = 0.001). However, we found no significant differences between two adjacent populations of C. reflexa on Jeju Island (F ST = 0.006, P = 0.614).
For C. discolor, we found a very weak and nonsignificant linear relationship between pairwise genetic distance and linear geographic distance (r = -0.184, P = 0.156), suggesting that populations are not at regional equilibrium of gene flow and drift (Figure 2) . Consistent with this, the neighbor-joining tree showed little association between populations of C. discolor in relation to their geographic location (Figure 3) . Results of Bayesass analysis suggested recent gene flow from CD-3 to CD-4 (the linear distance between them is 77.3 km; Figure 1 ) and from CD-1 to CD-9 (with a linear distance of 282.2 km, the longest distance among population pairs; Figure 1) (Table 4) . If the patterns of gene flow follow an isolation-by-distance model, we would expect a significant negative relationship between pairwise recent migration rates and linear geographic distances among populations. This prediction is not the case in C. discolor: a Mantel test showed a positive and significant correlation between pairwise migration rates below the diagonal of Table 4 (i.e., from CD-1 to CD-2, etc.) and linear distances (r = 0.338, P = 0.040) and a negative but not significant correlation between pairwise migration rates above the diagonal (i.e., from CD-2 to CD-1, etc.) and linear distances (r = -0.173, P = 0.311). Pairwise Nei's (1978) mean I values for conspecific populations of the 3 species were high (0.956-0.995; Table 5 ), which falls well within the range of values for most conspecific orchid populations (average I = 0.955 ± 0.051, N = 84; . Mean values for congeneric pairs ranged from 0.504 (C. sieboldii vs. C. reflexa) to 0.844 (C. discolor vs. C. sieboldii) ( Table 5) , which are higher than the average value reported for congeneric orchid species pairs (average I = 0. 453 ± 0.274, N = 190; . Genetic differences between species are primarily due to the occurrence of specific (i.e., unique) alleles: C. reflexa had 8 species-specific alleles (allele frequencies from 0.161 at Per a to 1.000 at Lap a ; Table 6 ), C. discolor had 7 unique alleles with 5 of them at low frequencies (<0.05), and C. sieboldii also had 7 alleles with 3 of them at low frequencies (<0.05) ( Table 6 ).
Discussion
Genetic Diversity and Structure in the 3 Calanthe Species
Calanthe discolor and C. sieboldii should be regarded as variable species, since their levels of within-population genetic Nei et al.'s (1983) genetic distances between populations of C. discolor (CD-1 to CD-9), C. sieboldii (CS-1 to CS-3), and C. reflexa (CR-1and CR-2). Numbers above branches represent bootstrap support for 1000 replicates, and only values greater than 50% are shown. diversity are substantially higher than those typical of the terrestrial orchids examined by allozymes (means %P = 46.2, A = 1.83, H e = 0.119; Case 2002). Compared with C. discolor and C. sieboldii, populations of C. reflexa harbor lower levels of within-population variation, but they still exhibit similar levels to the abovementioned reference values.
The significant deficit of heterozygotes within 4 populations of C. discolor and in all populations of C. sieboldii and C. reflexa could be caused by nonrandom mating with relatives (from limited seed dispersal at finer spatial scale and short pollinator movements) and/or geitonogamous pollination (selfing) because the 3 species are self-compatible (Chung MY and Chung MG, unpublished data) . Our ongoing study on the fine-scale genetic structure (FSGS) conducted in CD-1 revealed a significant genetic structuring; b F , the regression slope of F ij (kinship coefficients; Loiselle et al. 1995) , estimated between individuals i and j on the natural logarithm of distance interval, was significantly strong (b F = -0.037 and a strength of FSGS, Sp = 0.0507; Chung MY and Chung MG, unpublished data). If inbreeding was solely the result of mating among neighboring plants, then we may expect F IS to be approximately equal to F ij at the smallest distance interval (2 m) . We found higher F IS (0.244) than F ij(2m) (0.203), suggesting that partial selfing could also be a cause of the excess of homozygotes in the population (Vekemans and Hardy 2004) . In addition, since we collected some samples from relatively large populations (from 0.4 to 1 ha; Table 2 ), sampling may have occurred over substructured populations, which could also increase observed homozygosities in several populations (i.e., Wahlund effect). Finally, a low degree of among-population genetic differentiation was found in the 3 Calanthe species (F ST = 0.006-0.072), estimates which are substantially below the average for orchids (mean = 0.187 from F ST or from analogous statistics, N = 76; Forrest et al. 2004) .
The observed high within-population variation and low degree of genetic differentiation among populations indicate that extant populations of the 3 Calanthe species were probably founded by multiple, genetically diverse individuals, and that most of this initial diversity would have been maintained in stable habitats in lowlands dominated by broad-leaved evergreen shrubs and trees in southwestern and southern Korea from the mid-Holocene optimum to the present (i.e., during the past 6000 years; Choi 1998; Yi 2011). Before the early 1970s, populations of C. discolor were large and relatively continuously distributed in southern Korea, including many islands (Cheon CP, personal communication) . The same seems to be true for C. sieboldii and C. reflexa on Jeju Island (Kim CS, personal communication). The low F ST estimates found in the 3 species suggest that historical gene flow among neighboring populations of these terrestrial orchids has been high on the Korean Peninsula. If this is true, we should have found a significant correlation between genetic distance and geographic distance among populations of C. discolor (i.e., regional equilibrium between gene flow and drift). However, the graphic representation of the relationship between genetic and geographic distances found for this species resembles Hutchison and Templeton's (1999) theoretical "model III" (i.e., "lack of regional equilibrium, with genetic drift much more influential than gene flow"). Moreover, results from Bayesass revealed that the patterns of recent gene flow do not strictly follow an isolation-bydistance model in C. discolor. Unlike C. discolor, we found a significant positive linear relationship between pairwise F ST and linear geographic distance among relatively undisturbed and continuously distributed populations of the terrestrial orchid Oreorchis patens across montane areas in South Korea (r = 0.541, P = 0.000; . 
Inference of Population-Establishment History in the 3 Calanthe Species
Levels of genetic diversity found in the 3 Calanthe species (relatively high within-population genetic variation and low interpopulation differentiation) are consistent with the first scenario: extant populations were founded by colonizers that arrived from multiple source populations (i.e., from multiple putative glacial refugia). Furthermore, the species have likely maintained relatively large populations during postglacial times and high historical rates of gene flow among populations. Most populations did not experience recent bottlenecks although in general larger populations harbor more alleles suggesting some gene drift is occurring. However, many of these populations were once large, which retards the loss of alleles through random genetic drift (Sun 1996) , enabling the species to retain high levels of genetic variation. Our data do not allow inference regarding the locations of original source populations of the Korean populations of the 3 Calanthe species, although southern Japan is one of the most likely sources. Refugia for much of warm-temperate and subtropical flora during the LGM have been proposed to occur in Kyushu and in southern Honshu (Tsukada 1984; Hattori 1985; Matsuoka and Miyoshi 1998; Aoki et al. 2004; Gotanda and Yasuda 2008) . Orchids produce a large number of dust-like seeds that may be transported long distance on air currents (Dressler 1981) . Thus, the mode of migration for the orchid species is most likely through long-distance dispersal of their minute seeds by wind. Therefore, migrations via seeds from southern China, Taiwan, or even from some locations offshore in the southern part of the East China Sea (as this sea was largely exposed due to the marine glacial regressions until at least 10 000 years ago; Xu et al. 2010) cannot be ruled out (see Harrison et al. 2001; Hope et al. 2004; Prentice et al. 2011) . Finally, we might also consider the remote possibility of recolonization from small, scattered hospitable pockets ("microrefugia"; Rull 2009 ) that would have been located within Korea; however, as explained above, it is unlikely that warm-temperate vegetation would had remained within the Korean Peninsula during the LGM.
Test of the 2 Proposed Scenarios in Other Warm-Temperate Plants in Southern Korea
To gain insight into the origin of the warm-temperate elements of the current Korean vegetation, it is of great interest to check which of the 2 scenarios fits better with previously studied species from southern Korea (Table 7) . First, as seen in Table 7 , the terrestrial orchid Cymbidium goeringii and the 3 broad-leaved evergreen trees Camellia japonica, Eurya japonica, and E. emarginata would fit the first scenario along with the results of the 3 Calanthe species. All these species share some life history and ecological characteristics, such as occurring in historically large and continuously distributed populations, and having a high potential for gene flow; C. goeringii, like most orchids, has a high potential for long-distance seed dispersal (Chung MY and Chung MG 1999) , in C. japonica the pollen is carried by birds (Wendel and Parks 1985) , and in Eurya japonica and E. emarginata seed dispersal is via frugivorous birds (Manabe and Yamamoto 1997; Kominami et al. 2003) . In addition, the liliaceous species Hemerocallis hongdoensis, which is restricted to several islands (including the Korean Hong, Heuksan, Gageo, and Jeju Islands, and Tsushima Island of Japan; Figure 1 ), also harbors high levels of within-population variation and low among-population genetic divergence (Table 7) , but populations of this species are highly isolated on islands and are characterized by gravity seed dispersal and insect pollination. Second, low levels of genetic variation within populations and moderate or high genetic divergence among populations were observed in Ardisia japonica, a very small shrub (height approximately 10 cm; Cheon et al. 2000) and the 2 lithophytic orchids Bulbophyllum drymoglossum and Sarcanthus scolopendrifolius (Table 7) , which are characterized by small, highly isolated populations ). Populations of these species appear to have originated from fewer sources (perhaps from a single refugium), with low rates of recurrent gene flow among the highly isolated Korean populations. Lycoris sanguinea, whose seeds are dispersed by frugivorous birds (Chung 1999) , would also fit the second scenario in that, after the colonization event, most (but not all) variation would have been lost in the founding event and through multiple generations of small population sizes. For this species, genetic differentiation among populations is low (Table 7) because of its high potential for long-distance seed dispersal. Additionally, recolonization from a single source may also lead to no variation within-and among populations. This scenario (i.e., a severe founder effect) appears to explain the lack of genetic diversity found in 2 terrestrial orchids, which are characterized by small, highly isolated populations (Tipularia japonica; Chung 2009), and rarity and endemism on Jeju Island (Oreorchis coreana; .
Implications for Conservation
Although C. discolor and C. sieboldii harbor high levels of genetic variation and low interpopulation divergence, they warrant implementation of conservation measures (both in situ and ex situ) because of their rarity from a demographic perspective (more human impacts on natural populations can be anticipated). In particular, C. reflexa populations on Jeju Island need special attention to preserve their current genetic diversity, which is lower compared with that of the other 2 Calanthe species. Since C. reflexa is restricted to a single island in Korea (Jeju Island, which has an area of less than 2000 km 2 ) and is extremely rare there; it is essential that the current threat according to the IUCN criteria (IUCN 2001) be evaluated. Because the "extent of occurrence" ("the area contained within the shortest continuous imaginary boundary") estimated for C. reflexa is less than 200 km 2 and the "area of occupancy" ("the area within its extent of occurrence which is occupied by a taxon") is very small (<20 km 2 ), the species can be categorized as "Endangered" (EN) in Korea following the criteria B1b(iii)c(iv). From a long-term conservationgenetics perspective, the extreme rarity and small population sizes characteristic of C. reflexa, coupled with its relatively low genetic diversity and that more human disturbance is likely Except Hemerocallis hongdoensis, Lycoris sanguinea, and Oreorchis coreana, most plant species listed are widely distributed in subtropical and warm-temperate regions, largely in southern China, central and southern Japan, and southwestern and southern Korea. Subscripts P and S represent population and total sample levels, respectively. N P , number of populations sampled; N L , number of loci analyzed; G ST , the average amount of variation distributed among populations (Nei 1973 (Nei , 1977 . a Distribution: C, China; I, India; J, Japan; K, Korea; M, Malaysia. b Source references: 1, Cheon et al. (2000) ; 2, ; 3, this study; 4, Chung and Kang (1996) ; 5, Chung and Chung (1999); 6, Chung and Kang (1994); 7, Chung and Kang (1995) ; 8, Kang and Chung (2000) ; 9, Chung (1999); 10, 11, Chung (2009 to occur (Jeju Island has become one of the most popular tourist spots in South Korea), place it at a high risk of extinction. Thus, in situ and ex situ conservation efforts should be a high priority for this species. First of all, we recommend all known populations to be protected in situ by law to prevent further decreases in population size (e.g., Ramsay and Stewart 1998) . More importantly, detailed ecological studies including germination ecology, seedling establishment, identification of associated mycorrhizal fungi and demographic dynamics, should be immediately initiated to achieve an effective conservation of this rare orchid (Swarts et al. 2009a (Swarts et al. , 2009b .
Conclusions and Perspectives
We found high (or relatively high) within-population genetic variation and low interpopulation differentiation in the 3 Calanthe species, indicating that the postglacial recolonization pattern of these 3 species fits the first scenario; extant populations are probably derived from multiple glacial refugia located outside of the Korean Peninsula. Previous studies on genetic diversity of other warm-temperate plant species in southern Korea show mixed results in terms of population-establishment history, with some species falling into the first scenario while others fell into the second scenario. The large variability of genetic diversity values reported in these studies are in agreement with the very complex patterns of East Asia vegetation Quaternary migrations revealed by paleoecological data (e.g., Takahara et al. 2000; Gotanda and Yasuda 2008; Ni et al. 2010; Prentice et al. 2011) and by the few (but increasingly more) phylogeographic regional studies (reviewed in Qiu et al. 2011) . Unfortunately, there are no detailed molecular phylogeographic studies of warm-temperate plant species native to Korea. To unravel the putative glacial refugia of these taxa and their recolonization routes, future studies should use cpDNA sequences or other adequate phylogeographic markers (e.g. AFLP); of course a thorough sampling of the populations occurring within the presumable refuges (southern Japan, southern and eastern continental China, Taiwan Island, or even the Ryukyu Islands) is needed. As many authors suggest (e.g., Médail and Diadema 2009; Verboom et al. 2009; López-Pujol et al. 2011a , 2011b , an accurate identification of glacial refugia is a high priority for developing regional conservation strategies because these are centers of genetic diversity and key areas for the species persistence. More importantly, this information would be crucial for the design of future intercountry (i.e, between China, Japan, and Korea) cooperative conservation strategies (e.g., reintroduction of rare and endangered species into and out of each country). Such transboundary conservation schemes have shown great success in some parts of the world, such as Europe, southern Africa, and North America (King and Wilcox 2008; Vasilijević and Pezold 2011) . 
